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Abstract

Multi-agent systems have the potential to improve supply chain management. The adoption of such systems has
been limited, as their design often neglects existing organizational realities and the business value for the various stake-
holders is not clear. In this paper, a multi-agent system improving supply chain management is designed and its business
value is evaluated. We present the semi-cooperative architecture and evaluate the benefits using agent-based simulation.
We found that the multi-agent system increases the level of flexibility in the supply chain and enables supply chain mem-
bers to become more responsive. This has a positive impact on the ordering lead-time, human processing time, the
inventory levels and number of stock-outs.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Many IT applications have been employed to
rationalize and optimize supply chains [19]. The
rapid developments in the field of agent-based sys-
tems offer new opportunities for the management
of supply chains. Supply chain performance can
significantly benefit from decision-making pro-
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cesses that constantly monitor changing condi-
tions and dynamically evaluate viable trading
and operational options in light of these condi-
tions [1]. As the complexity and size of supply
chains increase, organizations are finding it more
difficult to build systems supporting the coordina-
tion of activities performed by the independent
supply chain members. Agent-based systems could
provide a solution to this problem, as they provide
the opportunity to construct a large, complex sys-
tem out of relative simple, autonomous parts [11].
ed.
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The adoption of agent-based supply chain systems
for use in practice has been limited so far. Many
firms carefully watch the developments, but are
reluctant to commit serious trading volumes [7].

Agent-based technologies are largely untested
in practical situations [1]. Developments have suf-
fered from a mismatch between existing organiza-
tional reality and theoretical mechanism design
often focused on optimizing one aspect [9,17]. De-
sign decisions are of crucial importance as they
determine the supply chain structure-influencing
inventory holding strategies, the number of trans-
ports, lead-times, stock-outs, responsiveness,
liquidity, and volatility. Apart from this mismatch,
decision-makers are reluctant to introduce multi-
agent system (MAS) because they do not under-
stand the possibilities of such systems in relation
to the potential advantages and sources of value
[4,7]. Moreover, the prospect of delegating routine
supply chain decisions to software agents still
makes many managers nervous [1].

Empirical research evaluating the business va-
lue of multi-agents system is limited. The benefits
often remain rather abstract or even vague, are
not quantified and are not derived in a struc-
tured and systematic way. The aim of this paper
is twofold: (1) to design a MAS improving the
coordination within a supply chain and satisfying
the organizational requirements and (2) to evalu-
ate the business value of the system. We do this
by designing a semi-cooperative, agent-based sup-
ply chain management system using action re-
search and by determining the business value of
the system by comparing the performance with
and without the system using agent-based simula-
tion. This should contribute to theory formulation
about the benefits of agent-based systems and
semi-cooperative mechanisms and also support
practitioners to decide whether or not to imple-
ment agent-based systems.
2. Related research

2.1. Agent-based systems

Software agents are often considered as very
suitable for coordination the complex interdepen-
dencies between activities of independent organi-
zations forming supply chains (e.g. [1,24]).
Agents can act on behalf of a supply chain member
by making use of their autonomous characteristic
and decision-making capabilities. Many different
definitions of software agents can be found in the
literature, e.g. [2,18,23]. There is a truly heteroge-
neous body of research and there is no generally
accepted definition of the term software agents.
In general, software agents help people with
time-consuming activities [18]. Inherent are the no-
tions of problem solving capabilities, delegation
and autonomy.

A MAS consists of a number of software agents
cooperating autonomously within a distributed
environment. In MAS, each agent is usually as-
signed a separate problem or part of a problem.
A problem is decomposed into sub-problems and
each sub-problem is assigned to a specific agent
having corresponding competencies. Multi-agent
systems try to solve the entire problem by collabo-
ration with each other. In this way, MAS can help
to solve complex problems and make decisions or
support humans to make decisions. Agents are
especially suitable for coordination supply chains
due to the following characteristics:

1. Data, resources and control over data and
resources are inherently distributed. Supply
chain partners have their own goals, interests
and requirements. There is no single authority,
however, there can be a coordinator orchestrat-
ing the supply chain [8].

2. A supply chain consists of autonomous cooper-
ating systems. Decision-making requires multi-
party negotiation and coordination.

3. The management of supply chains consists of
interactions between humans, humans and
information systems and information systems.
Often legacy systems are part of the supply
chain.

4. A supply chain is adaptive and changes over
time. New organizations might become in-
volved and other might disappear.

Agents can serve as wrappers for the supply
chain management components owned by a partic-
ular supply chain entity [13,14,27]. An entire com-
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pany or a single department or function can be
wrapped. The advantage of this approach is that
the supply chain can be composed of existing (leg-
acy) systems and new systems.

2.2. Semi-cooperative coordination

A supply chain management system should be
aimed at coordinating the activities performed by
independent organizations in order to improve
the overall performance of the supply chain and
by taking into account the individual interests
and requirements of the supply chain members.
Coordination mechanisms should ensure a proper
balance between objectives and constraints of both
individual companies and the overall performance
of the supply chain. Most coordination models re-
gard logistics management as an auction in which
each entity tries to maximize its own profits (e.g.
[27,32,34]) or have a cooperative nature (e.g.
[3,16,17]).

Competitive approaches are aimed at optimiz-
ing one mutually exclusive goal and involve com-
petition among stakeholders. Cooperative
mechanisms are often referred to as win–win
mechanism. It is often described as a decision-
making process of resolving a conflict involving
two or more parties over multiple, interdependent,
but non-mutually exclusive goals [16].

Within supply chains, suppliers and consumers
have their own selfish goals, but also the common
goal of creating an efficient and effective supply
chain. As a result current research on mechanism
design focuses on developing semi-cooperative
mechanisms, where agents strive to reach a fair
and reasonable agreement for all parties [17]. Such
approaches are aimed at optimizing supply chains
and which nevertheless maximizes single organiza-
tions payoff.

Different semi-cooperative coordination mecha-
nisms are appropriate under different circum-
stances [34]. It is often argued that mechanisms
need to be developed to accommodate the special
needs for a certain environment (e.g. [12,31]).
Sadeh et al. [27] distinguish between horizontal
and vertical coordination protocols. Horizontal
or lateral coordination protocols support interac-
tions between peer-levels agents, whereas vertical
coordination protocols support interactions be-
tween agents in different layers of the hierarchy.
Horizontal and vertical coordination might de-
mand different kinds of mechanisms having differ-
ent degrees of competitiveness. Cavalieri et al. [3]
introduce two kinds of agents: structural and func-
tional agents. The first kind of agents represents
actors in the supply chain, the second represents
function and processes, like manage information,
make decisions and so on.

Julka et al. [13,14] propose a unified framework
for modeling, monitoring and managing supply
chains. Their framework is made up of object
modeling of supply chain flows and agent-based
modeling of supply chain entities. Their frame-
work uses three classes of agents: (1) emulation;
(2) query and (3) project agents. Emulation agents
model the supply chain entities such as production
and sales departments. Query agents handle que-
ries from users and assists in supply chain analysis.
Project agents coordinate other agents to solve a
problem.

2.3. Business value of agent-based systems

There are great benefits and saving to be gained
by making use of agent-based systems for supply
chain management. Maes [18] argues that agents
help people with time-consuming activities. Paru-
nak [25] describes the advantages based on four
distinguished characteristics of agent-based sys-
tems: (1) the identification of an agent with a par-
ticular entity; (2) decision-making capabilities are
distributed over a number of autonomous actors;
(3) systems of agents can change during their
life-cycle by adding and removing agents; and (4)
agents are suitable to deal with a number of differ-
ent situations. Lange and Oshima [15] provide an
overview of benefits for mobile agents. Agents:
(1) reduce the network overload; (2) overcome net-
work latency; (3) encapsulate protocols; (4) exe-
cute asynchronously and autonomously; (5)
adapt dynamically; (6) are naturally heterogeneous
both from hardware and software perspectives;
and (7) are robust and fault-tolerant. Wagner
et al. [33] found that agents increase the level of
flexibility in the chain and enable supply chain
members to be more responsiveness through
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producer/consumer negotiation and reasoning
about manufacturing availability, raw material
requirements, and shipping time requirements.
Nissen [24] explored the application of agent tech-
nology for supply chain integration in the US gov-
ernment and found that agents are of crucial
importance for creating speedy and responsiveness
processes. Mangina et al. [19] argues that the effi-
ciency might be increased through the elimination
of unexpected mistakes, flexibility increases by
lowering order quantities and supply lead-times,
information visibility and information quality im-
proves, excessive inventory and severe delays will
be reduced, capacities will be balanced and cus-
tomer service will be improved by pre-processing
and filtering of information.

The main benefits of agent-based systems are
focused on creating more effective and efficient
operations and the creation of responsive systems
based on real-time information sharing and deci-
sion-making. The benefits found in the literature
often concern assumed benefits at a rather abstract
level and are not quantified. There is no proof of
the benefits in relationship to a developed system.

Agent-based systems support the fullest range of
organizational activities and processes and are
adopted with the aim of achieving substantial sav-
ings. Therefore, at a high-level the benefits of
agent-based systems will be similar to the benefits
of all enterprise systems, as given by Shang and
Seddon [29]. The business value of agent-based sys-
tems is likely to be multidimensional and will cover
a large number of facets. To avoid the identifica-
tion of too abstract and too vague benefits, it is nec-
essary to relate benefits directly to an agent-based
system. None of the research discussed before pro-
vides a comprehensive view of an agent-based sys-
tem and evaluated the benefits in a structured and
systematic way.
3. Research approach

This paper describes the architecture of agent-
based system and evaluates the business value of
the system. The architecture of the agent-based
system was designed using action research, which
is focused on �how to� questions [1]. Instead of
taking the observer�s point of view, the researcher
is a participant. The researcher observes, as is the
case with case study research, and also gets in-
volved in theory application and the testing of
improvements. In this research, the researcher
facilitated the requirement elicitation process and
performed the evaluation of the business value.
Many other people were involved in the design
of the system, including IT experts, supply chain
experts and employees of the organizations in-
volved in the supply chain. Participation is neces-
sary, as no single person possesses all the
knowledge and information required, and the
solution is a �negotiated� solution. Solutions to
problems require interdisciplinary knowledge and
skills and consideration of current industry prac-
tices [31]. The solution found is not optimal in
some respect; instead the solution is negotiated
to satisfy the different requirement and to deal
with the sometimes-opposing requirements of the
stakeholders.

Our research approach is based on the problem
solving process to handle the design of organiza-
tional change that consists of five activities
[21,30]. The problem solving cycle ensures that
the existing organizational realities are taken as a
starting point. The following steps were carried
out:

1. Analysis, modeling and specification of the �as
is� situation.

2. Diagnosis of the �as is� situation.
3. Solution finding, designing the architecture and

multi-agent system.
4. Evaluating of the �to be� solution, i.e. the agent-

based system.
5. Selection and implementation.

Agent-based simulation is used to evaluate the
benefits of the agent-based system prior to imple-
mentation. In spite of the fact that agents form
the basis of both agent-based simulations and mul-
ti-agent systems, there are several differences [10].
In agent-based simulations, the agents are interact-
ing in a simulated environment, where modeling
reductions have been applied to the behavior of
the environment. Furthermore, the simulator pro-
vides an artificial time mechanism that allows the
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agent-to-agent and agent-to-environment interac-
tions to take place (much) faster than in reality.
By placing the agents in an agent-based simula-
tion, it becomes possible to study the system and
the benefits over a prolonged period of time.

Both the current situation and the situation with
an agent-based system were simulated, as we need
the values of the performance indicators for the
�as is� situation as a �yardstick� for comparison with
the �to be� situation. The performance differential
between the situation with and without an agent-
based system can be seen as a measure for the
quantifiable business value. We also interviewed a
number of practitioners involved in the design pro-
cess to gain insight into their perceptions in order
to measure the non-quantifiable business value.
4. Case study background

A case study of a retail supply chain was inves-
tigated. This supply chain delivers food, healthcare
and nursery products to supermarkets and consists
of three manufacturers, a central warehouse, 20
distributors, a large number of carriers and many
supermarkets. There is one large supermarket
chain having considerable negotiation power and
there are many small, independent supermarkets
having limited bargaining power.
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Each factory has a number of product lines that
can produce a particular kind of product. From
customers

Wholesaler
transportation

retailer

ordering rules

stock

order
ordering rules

delivery schedule
rules

demand

stock

supermarketswholesalers

e supply chain.



320 M. Janssen / Electronic Commerce Research and Applications 4 (2005) 315–328
the central warehouse the products are distributed
to wholesalers who ship the products either di-
rectly or indirectly to supermarkets. The wholesal-
ers and supermarkets are located in different zones:
a central zone, an outer zone and the islands. For
each zone, there are different lead-times, replenish-
ment frequencies and transport characteristics. In
general, inventory is replenished once a week.

The supply chain under study has 50 different
product families, each having its own characteris-
tics and demand patterns. Each product family
consists of a number of products, which have sim-
ilar characteristics. In total there are about 300
products categories into 50 product families. The
products are classified using a classification into
A, B and C products (e.g. [26]). The A product
class contains fast-moving products having a low
value. The C product class involves slow-moving
products having a high value and B is the interme-
diate class. The size of products may vary and con-
sequently the number of products that can be
packed within a container or pallet varies.

TheDChas reserved space for storing 10,000 pal-
lets. The DC has to pay for the space, and is able to
expand the number of pallets at costs much higher
than the costs of the reserved space. The DC func-
tions as a decoupling point – a storage or repository
– where different processes are decoupled. A decou-
pling point is used to simplify or decouple supply
and demand. The holding of inventory decouples
a demand-driven process (pull) from a production
on stock based process (push). The production on
stock is based on forecasted demand and the de-
mand-driven part is based on the real demand.
The decoupling point is visualized at the bottom
of Fig. 1 and helps to deal with conflicting require-
ments. The decoupling point at theDC is used to re-
duce the complexity of coordination decisions as the
activities before and after the decoupling point can
be treated independently.

Third parties transport the products from the
factories to the DC, from the DC to the wholesal-
ers and from the wholesalers to the supermarkets.
The capacity reserved for transportation is based
on long-term contracts between carriers and ship-
pers. The transportation capacity can also be ex-
panded; however, additional capacity is much
more expensive than the reserved capacity. Each
actor in the supply chain performs a stock keeping
function. The total stock keeping per actors con-
sist of the following elements:

� Cycle stock is required for overcoming the time
period between replenishments.

� Quality assurance stock is necessary for provid-
ing inspectors a sample of the product in order
to test the product quality.

� Safety stock is used for protection against
uncertainties in demand or lead-time.

� Contingency stock is necessary for dealing with
seasonal fluctuations.

The current inventory levels and number of
stock-outs are found to be too high by the organi-
zations. On the one hand there seems to be enough
inventory in the whole supply chain. On the other
hand inventory seems not available at the right
node in the chain. This resulted in a large number
of stock-outs, especially during holiday periods,
like Christmas and Easter. The organizations
found that there was a need for a more flexible
allocation of inventory to increase the responsive-
ness of the supply chain. A constraint was that the
number of transports should not be increased. It is
often advocated that the adaptivity of a supply
chain can be increased by making use of an
agent-based system (e.g. [15,33]). Therefore, the
supply chain participants were looking for an
architecture fulfilling their individual requirements
and aimed at creating an efficient and responsive-
ness supply chain.
5. Architecture of the agent-based system

During the requirements elicitation process the
participants decided to use a combination of the
structural and functional agents proposed by
Cavalieri et al. [3] and to use vertical and horizon-
tal coordination proposed by Sadeh at al. [27] as
the basis for the architecture. The participants
found that adopting these concepts enables the
agent-based system to stay close to the existing
organizational realities.

The vertical coordination model is based on
aggregation and hierarchy. All the agents have
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the same purpose, however, are operating at a
different level in the hierarchy. Higher-level agents
determine the constraints for lower-level agents.
The inventory-holding policies of the inventory
control agents are based on methods of statistical
inventory control (e.g. [26]) and modified based
on the experiences of the logistic planners of the
organizations in the supply chain.

Each organization is represented using a struc-
tural agent. The structural agents can be viewed
as a collection of functional agents. Only struc-
tural agents of various companies interact with
each other. The architecture of the semi-coopera-
tive coordination model was developed and is de-
picted in Fig. 2. The architecture is agreed on by
the various stakeholders and defines the interfaces
between the agents. Please note that the dealer and
supermarket have the same structure and are
therefore only shown once in the figure. The archi-
tecture gives freedom to each organization to add
the behavior for each of the agents. As such,
agents having the same name and interface but
belonging to different organizations can have com-
aggregate
forecast

long term
production
planning

weekly production
planning

detailled
production

planning per line

factories distribution center

ord
proce

ordering

inventory control

production stock

pol

physical flow

negotation

Fig. 2. The architecture of the semi-c
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wrapped (legacy) system or even human beings
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utilization.
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negotiate with the supply and demand agents
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of intermediary or broker, as it aggregates demand
from various actors, processes the demand, and
negotiates both with the supply and demand to
minimize the number of stock outs. The DC per-
forms the following functions:

� Demand aggregation and processing.
� Disaggregate demand and ordering.
� Matching supply and demand.
� Optimizing supply chains by reallocating stock.
� Inventory holding to deal with fluctuation.

There are various types of functional agents,
found at various hierarchical levels, including:
(1) forecasting, (2) ordering and (3) execution
agents. The advantage of using this vertical struc-
ture is that the different hierarchical levels can
have various degrees of automation, i.e. the fore-
casting level can be completely handled by hu-
mans, whereas the ordering and monitoring
levels can be executed be software agents operat-
ing within the constraints set at the forecasting le-
vel. This provides a way to gradually extend the
number of automated agents.

The following types of agents are involved at
the forecasting level:

1. Forecasting agents make a yearly forecast based
on periods of one week.

2. Aggregate forecasting agents aggregate and
interpret the forecasts provided by the forecast-
ing agents. This agent checks if the forecasts
take seasonal influences into account.

3. Long-term production planning agents reserve
production capacity and provide the constraint
for the weekly production planning. This in-
volves long-term planning aimed at making
long-term reservations for scarce resources based
on the expected demand and determining prod-
uct prices. The production planning includes
the pre-production for periods with high demand
like Christmas and Easter.

The ordering level concerns the real ordering
within the constraints provided by the aggregate
level. Order planning involves negotiations be-
tween the supply chain partners. At the ordering
level the following types of agents are involved.
1. Real demand agents are similar to the emulation
agents proposed by Julka et al. [13,14]. These
agents are substitutes for customers and only
exist in a simulated setting and are used to sim-
ulate the real demand based on historic infor-
mation. In the implemented system, the real
demand agents do not exists.

2. Ordering agents order products on behalf of their
logistic planner. The logistic planner might
directly interfere by modifying or altering deci-
sionsmade by these agents. This agent negotiated
with the order processing agents for gaining the
right amount of products at the right time.

3. Order processing agents negotiate with ordering
agents by assigning amounts to orders. These
agents look at the actual inventory, expected
replenishment(s), priority given to the ordering
agent and the actual changes of stock-out of
the ordering agent.

4. The weekly production-planning agents finalize
the weekly production plan, based on the fore-
casted demand and actual orders. Production
agents represent the factories, which have lim-
ited capacity and can only increase the capacity
at high costs. Therefore, their aim is to minimize
the need for extra capacity. If a factory cannot
produce the demand it needs to (1) pre-produce,
or (2) hire additional production capacity at
extra costs or (3) add a working shift at extra
costs.

The execution level controls the day-to-day
operations of the physical flow.

1. Inventory monitoring agents take care of moni-
toring the inventory levels and alert ordering
agents to order new products.

2. Detailed production planning agents represent
the production lines for manufacturing
products.

The horizontal coordination model incorpo-
rates more aspects of a market, or competition-
based model. Agents compete with each other for
the allocation of scarce inventory. The DC can
be viewed as a centralized mediator balancing pro-
duction capacity and product demand by keeping
stock. The centralized mediator balances between
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optimizing the whole supply chain and taking the
self-interest of actors into account. When there
are conflicting interests, the main coordination
function often consists of negotiation about the
amount that needs to be delivered at which dis-
crete point in time. The DC plays a crucial role,
as it has the freedom to reallocate inventory re-
served for one purpose to another purpose. The
DC can also determine the priority that is given
to an agent requesting products. An agent repre-
senting a large supermarket can be given priority
over an agent representing a small or medium-
sized supermarket. This aspect was viewed as a
crucial element for the acceptance of the system
by one large supermarket chain. In the existing sit-
uation one powerful retail chain is given priority
over smaller, less powerful retail chains or single
supermarkets.

The resource allocation mechanism used by the
order-processing agent is depicted in Fig. 3. All or-
prioritize order
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Fig. 3. The order size ne
ders are put in an ordering queue and prioritized.
The allocation of inventory to orders is based
on: (1) the inventory at the DC; (2) expected
replenishment, i.e. period before the next replen-
ishment and the number of products; and (3) pri-
ority given to the supermarket represented by the
ordering agent; and (4) the actual chance of a
stock-out at the supermarket represented by the
ordering agent. If the inventory is high enough
the desired stock is delivered. In all other situa-
tions, a proposal to order a lower amount is made.
This mechanism is especially useful before and
during holiday periods. This can result in a coun-
ter offer as the supermarket representing the order-
ing agent is running out-of-stock and other
supermarkets might have more stock and therefore
might demand less than initially expected.

Compared to mechanisms found in the litera-
ture, this mechanism is fairly simple and not based
on any pricing system. It should be noted that in a
propose to order the 
new amount

late new
ount

gotiation process.
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retail chain the prices are static on the short term
and are agreed on using long-term contracts often
spanning many years. Consequently, the order size
negotiation process tries to balance the supply and
demand and avoid the number of stock outs. The
mechanism is based on increasing/decreasing the
ordered amount and reassigning the inventory that
can be already hold on stock or is expected to ar-
rive. This is an information intensive process and
might contain multiple iterations. It is crucial that
a solution is found within a short time frame, as
this determines the number of stock-outs at the
supermarkets.
6. Evaluation of the business value

Benefits of supply chain management systems
vary and may include cost reduction flexibility,
robustness, modifiability, availability, perfor-
mance, lead-time, number of stock-outs and ser-
vice-levels (e.g. [22,29]). We evaluated the MAS
in two ways. First, a quantitative evaluation in
which the situations without and with agents are
simulated and compared to each other. Second, a
qualitative evaluation based on the perceptions
of employees of the organizations involved in the
supply chain.

6.1. Quantitative evaluation

For the purpose of quantitative evaluation the
participants in the design process identified a num-
ber of performance indicators. Remember that a
constraint was that the number of transports
should remain equal. Consequently this cannot
be used as a performance indicator.
Table 1
Performance differential between the situation without and with the a

Performance indicator Unit Current With

Mean SD Mean

Total lead time Days 15.80 0.17 12.4
Planning lead time Days 9.72 0.14 6.3
Physical lead time Days 5.94 0.48 6.1
Total human processing time h 0.91 0.03 0.2
Stock level DC # 9607.39 2.82 9288.6
Number of stock out supermarkets # 153.00 2.61 71.0
Number of stock out dealers # 57.72 0.49 36.4
� Total lead-time: the time between ordering a
product and receiving the product ordered.

� Planning lead-time: time needed for processing
and preparing of an order. This excludes the
physical lead-time.

� Physical lead-time: total time needed for load-
ing, transportation and unloading a product.

� Total human processing time: total time of all
human activities necessary to handle an order.

� Stock level DC: the average number of pallets
on stock.

� The number of stock outs: the number of times
that a dealer or supermarket is not able to sell
the products demanded. This performance indi-
cator can serve as a surrogate for customer-ser-
vice levels.

The added value was assessed quantitatively by
comparing the outcomes of the empirical �as is�
model with the outcomes of the �to be� model. In
the �as is� and �to be� models similar experiments
are carried out using the same conditions and his-
toric data. A t-test is performed with a confidence
level of 5% to check whether the performance indi-
cators listed in Table 1 are significantly better than
in the current situation. The null hypothesis H0:
l1 = l2 is tested for the alternative hypothesis
H1: l1 6¼ l2. The test variable is the difference be-
tween the means of both experiments. The follow-
ing formula was used:

t ¼ ð�x1 � �x2Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2p

1
n1
þ 1

n2

� �r .

The distribution of t is based on m = (n1 +
n2 � 2) degrees of freedom, where
gent-based system

agents Absolute change Relative
change (%)

Sign?

SD

4 0.14 3.36 21.27 Y 0.0696419
2 0.18 3.40 34.98 Y 0.072111
8 0.45 �0.24 �4.04 N 0.2080625
5 0.04 0.66 72.53 Y 0.0158114
1 2.56 318.78 3.32 Y 1.2044086
0 1.87 82.00 53.59 Y 1.0153325
8 0.48 21.24 36.80 Y 0.2169101
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s2p ¼
n1 � 1ð Þs21 þ ðn2 � 1Þs22

n1 þ n2 � 2
.

The value of m is rounded off to the nearest inte-
ger [20]. The null hypothesis is rejected when:
t < �ta/2 or t > ta/2. The test statistic is
ta(n1 + n2 � 2) = t0.025(18) = 2.101. The quantifi-
able performance differential is shown in Table 1.

Most of the performance indicators show a bet-
ter performance in the situation with the agent-
based system. Only the physical lead-time does
not decrease significantly. From the absolute
changes of the total lead-time and planning lead-
time, it can be concluded that the reduction of
the lead-time is mainly caused by the reduction
of planning lead-time. It is a statistical error that
the planning lead-time is reduced more than the
total lead-time. This difference is within the statis-
tical error margins.

The processing time needed by human beings
decreases considerably, however, is largely depen-
dent on the behavior of the humans. This decrease
considers the ideal, i.e. agents perform as many
tasks as possible without any human interference.
The difference in processing time reduction is less
and might even show no statistically significant
reduction for the situation that human planners
manually handle all coordination activities.

The stock levels at the DC, supermarkets and
dealers decreased significantly. Table 1 shows that
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Fig. 4. Number of stock-outs per month.
the number of stock-outs decreased using the mul-
ti-agent system. When we investigate the number
of stock-outs per time period, as shown in Fig. 4,
it can be concluded that the system has a positive
impact on the number of stock-outs during Easter
and Christmas. During other periods, we did not
find improved inventory levels or a decrease in
the number of stock-outs.

6.2. Qualitative evaluation

After building the system, the model can be
used to evaluate the supply chain by letting the
users interact with a simulated supply chain. In
this way, it can be used for supporting decision-
making prior to using it in reality. The participants
involved in the design process agreed unanimous
over the quantitative benefits provided by the
MAS. Over other advantages their opinions were
more fragmented. They found the supply chain
more responsiveness to changes in demand, with-
out needing additional transports, and in this re-
spect flexibility was created. They were not sure
whether more flexibility was created for the intro-
duction of new products. When new products were
to be introduced, they were not sure whether this
would require less effort with the agent-based sys-
tem. Each product needs its own rules that cannot
easily determined beforehand and is often deter-
mined by human planners based on their past
experience.

The agents represent or assist human users in
their decision-making. Agents can act proactively
on behalf of users when they are offline, or having
a break, sleeps, is ill, us on holiday or is not avail-
able for any other reason. This aspect was found
to be especially important for small supermarkets,
as they have no resources for being continually on-
line. This ensures the continuous availability of a
decision-maker to ensure high-responsiveness.
Most of the participants found this advantage of
crucial importance.

The participants found the use of a hierarchy of
agents essential to the design. Within actors there is
a certain hierarchy, based on coordination of the
forecast, ordering and daily operations processes.
This closely resembles the organizational structure,
including the hierarchy of decision-making. The
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combination of structural and functional agents
and vertical and horizontal coordination were
found to be crucial concepts aligning the agent-
based system to the existing organizational
realities.

Between agents representing various actors a
more market-like situation exists. The demand of
requesting agents representing the large supermar-
ket chain has priority over the demand of others,
as the supermarket has a powerful position in
the supply chain. This was a prerequisite set by
the large supermarket chain for getting involved
in the design of the agent-based system.

The combination of a market-oriented model
and the ability to respond quickly to unpredictable
demand in order to minimize stock-outs, and min-
imize obsolete inventory was found to be an essen-
tial benefits of the agent-based coordination
model. The DC agents acting as intermediaries
play a crucial role in balancing supply and
demand.

From a mechanism design perspective the agent
interactions and intelligence might be viewed as
relatively simple. From the perspective of the stake-
holders the mechanisms were viewed as sophisti-
cated, complex and not easy to understand. More
complex mechanisms, which could be able to fur-
ther improve the performance, were proposed,
but the participants rejected these mechanisms.
This observation is in accordance with the
outcomes of the experiments of Chavez et al. [4]
in the business-to-consumer market. Their experi-
ments show that people felt uncomfortable delegat-
ing a task to an agent whose behavior is complex
and difficult to predict. As a result, Chavez et al.
conclude that the level of sophistication may be
limited more by user acceptance constraints than
by limitations of available technology. The stake-
holders in our case studies preferred simple, under-
standable mechanisms with known results over
complicated mechanisms that were not easy to
understand. Some of the participants viewed the
agent-based system merely as a decision-support
system. It should help them to identify possible
bottlenecks, e.g. expected stock-outs, too high/
low inventory levels, and propose possible courses
of action to their logistic-planners. The planners
should then decide which action should be taken
and could contact logistic planners of other organi-
zation by email or phone. In this respect, the benefit
that agents help people with time-consuming activ-
ities, which was already mentioned by Maes [18] in
1994 is still applicable.
7. Conclusion

Although multi-agent systems have the poten-
tial to improve supply chain management, its
adoption remains limited. In this paper a semi-
cooperative coordination architecture was de-
signed and the business value was evaluated using
agent-based simulation. Within the semi-coopera-
tive architecture, agents strive to optimize the sup-
ply chain, but nevertheless try to maximize their
own goals.

We developed a semi-cooperative architecture.
Within the constraints of this architecture, the
behavior per agent can be specified by the organi-
zations involved. The advantage of using such a
coordination model is that other agents or even
human beings can substitute agents without affect-
ing other parts. This makes a gradual expansion
and adoption possible, i.e. the initial system can
start with a few agents having relatively simple
behavior and this might gradually be extended into
a more comprehensive system. Moreover, some of
the agent functionality like inventory monitoring
can still be performed by the existing legacy sys-
tems as agents can be used to wrap legacy systems.
Furthermore, the architecture ensures the align-
ment of the coordination structure with the exist-
ing organizational structure. Agents are identified
with an organizational entity and the coordination
architecture follows the organizational hierarchy
of decision-making, by distinguishing agents at a
forecasting, ordering and execution level.

In the architecture the DC played the crucial
role of an intermediary or broker decoupling and
aggregating supply and demand. The DC has the
freedom to reallocate inventory reserved for one
purpose to another purpose. The DC balances be-
tween optimizing the whole supply chain and tak-
ing the self-interest of actors into account. When
there are conflicting interests, the main coordina-
tion function consists of negotiation about the
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amount that needs to be delivered at which dis-
crete point in time.

The business value of agent-based systems is
multidimensional and covers a large number of
facets. Our case study provides evidence that a
multi-agent system can deal effectively with the
volatile and dynamic nature of supply chains.
The simulation showed that the use of the agent-
based system resulted in a reduction of the lead-
time and the number of stock-outs in comparison
with the current situation. The use of the agent-
based system increases in some respects the flexi-
bility of the supply chain and enables members
of the supply chain to be more responsiveness to
changes in demand without needing additional
transports. Especially the alerting and notification
of exceptions by agents, and human intervention
for making decision on the logistic planning in-
creased the responsiveness. This has a positive
impact on the inventory levels and number of stock-
outs during Easter and Christmas. During other
periods we did not find better inventory levels or
stock-outs. The agents had a profound effect on
the decrease of human processing time needed of
workers.

As we took the current organizational practice
as a starting point and the supply chain members
elicited the requirements the designed agent-sys-
tem stays close to the current situation. This has
advantage that the system is aligned with the orga-
nizational and it is expected that this will have a
positive effect on the adoption of the agent-based
system. We observed that agents representing a
large supermarket can be given priority over an
agent representing a small or medium-sized super-
market was crucial for adoption.

Although staying close to the organizational
reality has a positive effect on the adoption, it how-
ever limits the innovativeness of the design. Conse-
quently, some participants viewed the agent-based
system primarily as a system supporting human
decision-makers. The benefits are primarily ob-
tained by making information available faster
and attracting the attention of human decision-
makers to negotiations and decisions that need
to be taken within a short time-horizon. More effi-
ciency gains might be accomplished by the com-
plete handling of decision-making processes by
agents. The number of decisions that will be auto-
matically handled might gradually increase, as the
users might obtain experience and get used to the
system.
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